ABSTRACT: There is enormous interest toward vanilloid agonists of the pain receptor TRPV1 in analgesic therapy, but the mechanisms of their sensory neuron-blocking effects at high or repeated doses are still a matter of debate. Our results have demonstrated that capsaicin and resiniferatoxin form nanomolar complexes with calmodulin, and competitively inhibit TRPV1-calmodulin interaction. These interactions involve the protein recognition interface of calmodulin, which is responsible for all of the cell-regulatory calmodulin-protein interactions.
INTRODUCTION
Vanilloid compounds (Figure 1 inset), such as capsaicin (CAP) and resiniferatoxin (RTX), have long been used as probes for sensory neuronal mechanisms, [1, 2] and have gained therapeutical applications. [3] CAP, the major pungent principle of hot chili peppers, [4] is administered topically (>5%) for purposes of pain relief. [5] RTX, an irritant component of Euphorbia resinifera, [6] also displays a prolonged analgesic effect at high local concentrations (up to 100 μM), [7] and is currently undergoing clinical phase II investigations (NCT00804154). These molecules dose-dependently stimulate and subsequently defunctionalize a subset of primary afferent neurons (C and Aδ). Behind these paradoxically opposite effects, there is a cascade of pharmacological processes, in which transient receptor potential vanilloid 1 (TRPV1) plays a central role. [8] TRPV1 is expressed by the peripheral sensory neurons and is responsible for the
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This article is protected by copyright. All rights reserved. pain sensation caused by various physical and chemical stimuli, such as noxious heat, an elevated proton concentration, and endogenous and natural ligands, including vanilloid compounds. [9, 10] Upon stimulation, the receptor opens and Ca 2+ ions enter the cells causing membrane depolarization and an action potential. The increased Ca 2+ influx is an important orchestrator of the subsequent neuronal responses: sensitization, desensitization, long-term nerve inactivation, and neurotoxic effects at higher doses. [11] The operation of TRPV1, however, is tightly regulated by the cytosolic Ca 2+ level, [11] and the neurons possess complex machinery with which to protect themselves against excessive Ca 2+ influx. [12] In contrast, the existence of these mechanisms cannot prevent the vanilloid-induced impairment of the neuronal functions, and this paradoxical behaviour is the principle behind the analgesic applications of vanilloids.
We hypothesized that, besides opening the TRPV1 channel, vanilloid ligands can directly perturb the cellular control over the Ca 2+ -induced signaling by interacting with a target responsible for the Ca 2+ sensing and TRPV1 regulation. A number of routes have been suggested for the modulation of TRPV1, in which CaM, a universal Ca 2+ sensor within the cells ( Figure S1 ), [13] plays a crucial mediating role and can be considered as a hub protein that affects multiple cellular pathways. Phosphorylation on the cytosolic domain of TRPV1 by Ca 2+ /CaM-dependent kinase II [14] sensitizes the channel, while dephosphorylation of the vanilloid receptor by Ca 2+ /CaM-modulated calcineurin phosphatase causes desensitization. [15] Further, CaM can play an important role [16] in the desensitization of the receptor as its binding site on TRPV1 overlaps with the ATP-binding site [17] and the phosphorylation and the sensitization [14] of the molecule are therefore impaired. TRPV1 binds CaM at both the N-terminal ankyrin repeats [18] and the Cterminal cytoplasmic domains. [16] It has been postulated that CaM can bridge the cytosolic domains of TRPV1, [19] causing a conformational change after channel opening. The affinity of
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TRPV1 for capsaicin has been shown to be dependent on the ability of the channel to bind CaM. [20] There are mechanisms for the vanilloid-induced neuronal dysfunction that are independent of direct channel regulation: disrupted axonal transport [21] and downregulated TRPV1 expression, [22] where Ca 2+ homeostasis and regulation also appear pivotal. [23] The above literature findings led us to test the direct vanilloid-CaM interactions at the molecular level, which could interfere with Ca 2+ regulation, and hence with the TRPV1-mediated function of the sensory neurons.
We show here that both CAP and RTX are nM ligands of CaM. A common high-affinity binding site was located for the vanilloids within the hydrophobic core of the Ca 2+ -stabilized EF-hand motifs, which is responsible for the generic protein recognition properties of CaM.
Consequently, we observed the inhibitory effect of CAP and RTX on the TRPV1-CaM interaction.
MATERIALS AND METHODS
CaM expression and purification. Human CaM was cloned into the pET28a(+) vector by standard cloning procedures, and the His6-tagged protein was expressed and purified from an Escherichia coli BL21(λDE3) culture (Novagen). HisPurTM Ni-NTA Superflow Agarose (Thermo Scientific) or TALON® Metal Affinity Resin (Clontech) was used for affinity purification of the His6-CaM construct. The His-tag was removed by thrombin (Sigma-Aldrich) treatment and size exclusion chromatography (Superdex 75) was then used for the final purification step (ÄKTA FPLC). The protein was concentrated by using an Amicon Ultra
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(Millipore) centrifugal device, lyophilized in 20 mM HEPES pH 7.0 and stored at -80 °C. 
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This article is protected by copyright. All rights reserved. Clear NOE contacts from the aromatic 2-H of the vanilloid moiety to the side-chain methyls of M71, M76 and M51 were observed, which determined the orientation of CAP. Further proteinligand NOEs were found pointing to apolar and aromatic side-chains, but these interactions could
not be unambiguously assigned. For the iterative NMR guided optimization (see details in the Supporting Information) of the CaM-CAP complex, the following restraints were used: (i) NOEderived protein distance restraints, (ii) NOE-and CSP-derived ( Figure S7 and S8) protein-ligand distance restraints, (iii) secondary structure propensity score-derived (SSP, Figure S6 ) [27] backbone dihedral restraints, (iv) restraints to keep Ca 2+ ions in the proximity of the corresponding charged groups, and (v) inter-strand H-bond restraints in the β-sheet segments.
The solution-phase conformational pool of CaM-Ca 2+ thoroughly sampled by the Bax and Vendruscolo groups (PDB code: 2K0E) [28, 29] was utilized to select the initial CaM structure, and CAP was manually docked into the assumed cavity already observable in the selected initial structure. It must be emphasized that the 542 structural restraints in total did not allow a refinement of a high-resolution geometry, but the sparse NMR restraints afforded the generation of a low-to-mid resolution model [30] capturing the main features of the CaM-CAP complex 
